Abstract-Properties of NbN and Ta x N thin films grown at ambient temperatures on SiO 2 /Si substrates by reactive-pulsed laser deposition and reactive magnetron sputtering (MS) as a function of N 2 gas flow were investigated. Both techniques produced films with smooth surfaces, where the surface roughness did not depend on the N 2 gas flow during growth. High crystalline quality, (111) oriented NbN films with T c up to 11 K were produced by both techniques for N contents near 50%. The low temperature transport properties of the Ta x N films depended upon both the N 2 partial pressure used during growth and the film thickness. The root mean square surface roughness of Ta x N films grown by MS increased as the film thickness decreased down to 10 nm.
I. INTRODUCTION

R
ECENT interest in compact, high performance, lowpower dissipation computing is driving a resurgence in superconducting electronics research [1] . Remarkable progress towards the development of a VLSI technology based on Nb/AlAlOx/Nb Josephson junctions has been made in the last few years [2] , [3] . The requirements for this technology to ultimately become viable include the ability to fabricate scalable, high-density logic circuits integrated with memory cells on large wafers, while maintaining precise control and reproducibility of individual component characteristics. Although extremely promising results have been demonstrated to date, the ability of the thin aluminum oxide barrier layer to continue to meet performance margins upon scaling to smaller node sizes and three-dimensional integration is unknown.
Junction technologies based on NbN [4] - [19] may offer a promising alternative. The relative stability of nitrides at high temperatures and the ability to tune the electronic properties of barrier layers such as Ta x N [7] , [8] , [10] - [12] , [14] most have been grown at high temperatures and/or on MgO substrates. In order to develop a robust, ambient temperature process for NbN/TaN/NbN SNS junctions on SiO 2 /Si wafers with the required properties, a better understanding of the structure, morphology, and transport properties as a function of growth conditions is needed. The objective of this work was to explore NbN and Ta x N film quality using both pulsed laser deposition (PLD) and reactive magnetron sputtering. The structure was investigated by x-ray diffraction (XRD), the morphology by scanning electron microscopy (SEM) and atomic force microscopy (AFM), and the sheet resistance (R sq ) was measured using the Van der Pauw technique.
II. SAMPLE PREPARATION AND CHARACTERIZATION
All the films analyzed in this study were grown at ambient temperature on SiO 2 coated Si substrates: 1 cm 2 for PLD and 150 mm diameter for MS. The ultra-high purity N 2 gas flow during growth was adjusted to vary the incorporated N content. Films grown by PLD with a KrF excimer laser (λ = 248 nm) used a total chamber pressure of 35 mTorr for NbN and 45 mTorr for Ta x N, with a laser energy density at the target near 8 J/cm 2 . Those grown by MS used a N 2 /Ar gas mixture, where the N 2 flow was varied to provide 1-6% partial pressure of N 2 for NbN and 21 -52% N 2 for Ta x N. The MS power used during growth was 75 -125 W for NbN and 250 W for Ta x N.
The crystal structure of the films was examined by XRD theta-two theta scans using Cu K-alpha radiation in a Philips diffractometer. Surface morphology was investigated using a FEI Nova NanoSEM and a Veeco multimode AFM. Sheet resistance as a function of temperature was measured by applying four In contacts to the edges of the sample surface in a probe that was lowered into a liquid He storage dewar. The contact orientations were switched so that the Van der Pauw equations could be used to calculate R sq .
III. MORPHOLOGY, STUCTURE AND TRANSPORT
The structure and transport properties of NbN films grown by PLD were extremely sensitive to the N 2 gas flow, where crystalline, superconducting NbN was only achieved within a narrow window of 2.63-2.69 sccm for the laser energy density used here. The surface morphology of films grown directly on SiO 2 /Si substrates was found to improve by use of a 50 nm Nb seed layer. The Nb seed layer was grown in vacuum (4 × 10 -9 mTorr) under the same conditions as the NbN. AFM measurements of root mean square (RMS) surface roughness over 1 µm 2 areas were 0.53 nm for films grown directly on SiO 2 and 0.33 nm for films grown on the Nb seed layer. Previously reported RMS surface roughness for films grown by PLD on MgO at 600°C are 1-1.3 nm [8] , [9] . The SEM image in Fig. 1(a) shows a 150 nm NbN film grown on a 50 nm Nb layer. The grain size is between 20 -30 nm. The XRD scan in Fig. 1(b) shows that the film grows with a predominantly (111) orientation on Nb (110). In contrast, films grown on MgO substrates at ambient temperatures have no preferred orientation [10] , while those grown at 600°C on (100) MgO have (100) orientation [9] . The R sq measurements as a function of temperature for this film are shown in Fig. 1(c) (blue) , where the midpoint of the transition occurs at 11K. The R sq of the NbN/Nb bilayer above T c is ∼10 times lower than that of a film grown under the same conditions directly on SiO 2 (green), indicating that current primarily flows in the Nb layer (orange) for temperatures above the NbN T c . The resistivity of the NbN film grown directly on SiO 2 is 270 µΩcm, significantly higher than the 60 µΩcm, 16.2K T c reported for the best NbN films grown on single crystal MgO substrates [19] .
Similar measurements were performed on the NbN films grown by MS. The presence of crystalline NbN and a superconducting transition were observed for all but one of the films in this study. The morphology of the films as measured by SEM, Fig. 2(a) , did not depend on gas flow, with an average grain size of 30 nm. AFM measurements showed that the average RMS surface roughness was 1.3-1.7 nm, with no monotonic dependence on gas flow, comparable to previous surface roughness reported for sputtered films grown on MgO at 450°C [7] . The XRD scans, Fig. 2(b) , showed that the NbN grows with a strong (111) orientation when the N content, as measured by Rutherford back-scattering, is near 50%, similar to previous reports for NbN on SiO 2 /Si substrates [20] . As the N content deviates from 50%, the intensity of the (111) peak decreases and the (200) peak increases, indicative of more random orientation. The R sq measurements in Fig. 2(c) show that the T c is a sensitive function of N content, where the highest T c of 13K is observed near 50% N. This N content corresponds to a resistivity of 235 µΩcm, higher than the 60µΩcm reported for the best NbN thin films grown on single crystal MgO substrates. [19] .
Control over the barrier transport properties is required to tune superconductor/normal metal/superconductor (SNS) Josephson junctions (JJ), where compositions near the metal-insulator transition in Ta x N are more favorable for high I c R N products [8] . Two hundred nm thick Ta x N films grown by PLD on SiO 2 /Si substrates over a wide range of N contents had smooth surfaces, as shown in the SEM image in Fig. 3(a) . All the films investigated showed a disordered crystal structure with a broad peak at the Ta x N (111) lattice spacing, Fig. 3(b) . In contrast, films grown at 700°C on SiO 2 substrates showed a clear polycrystalline FCC diffraction spectrum [20] . A total N 2 pressure of 45 mTorr during growth was chosen to achieve a R sq vs T behavior near the metal-insulator transition for a 200 nm thick film with a lateral resistivity of 1 mΩcm. This resistivity is in the same range as previous results on Ta x N near the metalinsulator transition [12] , [21] . Although much thinner films will ultimately be used in SNS junctions, where the Ta x N will grow on NbN, it is important to verify that the morphology, crystal structure, and resistivity of thick films grown on bare substrates have properties that are compatible with SNS junctions, and to use these results to guide deposition conditions for junctions. In the junction geometry, a thin Ta x N barrier is expected to follow the morphology of the NbN base electrode and retain the disordered (111) orientation for growth on NbN (111). As the film thickness is decreased below 200 nm, the R sq increases, as shown in Fig. 3(c) for 60 nm (green), 40 nm (blue), and 20 nm (red) as has been previously reported for Ta x N thin films [20] . The product of the film thickness and R sq should remain constant for an unchanging resistivity. However, here we observe both a higher value of the resistivity and a strong temperature dependence for the 20 nm thick film. These results suggest that as the Ta x N film thickness decreases, either oxidation upon exposure to air or the film morphology dominates the transport properties. In an SNS junction, where the trilayer is grown in-situ, oxidation of the Ta x N will not occur.
Similar measurements were performed on Ta x N films grown by MS, where the N 2 flow that produced films near the metalinsulator transition was varied between 21-52%. Again, the morphology and crystalline structure of 90-142 nm thick films did not depend significantly on the N 2 gas flow. Fig. 4(a) shows a typical SEM image where the grain size is ∼20 nm. An XRD theta-two theta scan, Fig. 4(b) , shows that the films are disordered and randomly oriented, with broad Ta x N (111) and (200) peaks, consistent with previous reports of sputtered Ta x N grown on SiO 2 /Si substrates at ambient temperatures at high N 2 flows [22] . The R sq measurements, Fig. 4(c) , show that the sheet resistance increases with N 2 flow from 6 sccm (green) to 9 sccm (blue) to 10 sccm (red). Note that the film grown with 6 sccm N 2 has a superconducting transition with a T c of 4.1 K. Previous work has shown that the T c of Ta x N films also depends on the N 2 flow [22] .
In order to further assess the morphology of Ta x N films grown by MS with 8 sccm N 2 as a function of thickness, AFM imaging was performed. Fig. 5 shows the AFM images of 500x 500 nm areas for films of (a) 10 nm, (b) 20 nm, (c) 40 nm, and (d) 60 nm thickness. As shown in Fig. 5(e) , the RMS roughness decreases with thickness, from ∼0.6 nm for the 10 nm thick film. Since the Ta x N barrier morphology in an SNS junction is likely to follow the morphology of the NbN base electrode with a ∼1.5 nm RMS roughness, these results show that the growth conditions identified here for Ta x N near the metal-insulator transition are unlikely to introduce additional roughness in the active junction area.
IV. CONCLUSION
The structure, morphology, and transport properties of thin films of NbN and Ta x N grown by PLD and MS at ambient temperatures on SiO 2 /Si substrates were investigated as a function of N 2 gas flow during deposition. Although the morphology was not sensitive to the gas flow, both the crystalline structure and transport properties were. Superconducting, crystalline NbN films could only be grown by PLD within a very narrow range of N 2 gas flow at a total chamber pressure of 35 mTorr. Superconducting, crystalline films of NbN were produced by MS over a wider range of gas flow, where both the crystalline quality and T c were optimized near a N content of 50%. Although the highest T c s observed in this work are lower than the 16K T c observed for the best quality NbN grown on MgO substrates at high temperatures, they are above the T c of pure Nb and are therefore expected to provide suitable electrodes operating at 4K. Ta x N films grown by both methods had a smooth morphology and disordered crystalline structure with transport properties that were sensitive to the N 2 gas flow during growth. A disordered crystalline structure is expected to be beneficial in a barrier layer for more uniform current flow. Ultrathin films <60 nm became more insulating and had a rougher surface morphology as the thickness decreased. These results show that optimization of NbN/Ta x N/NbN SNS junction properties over large area wafers will require a controlled, uniform distribution of N 2 gas during growth.
